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Abstract 
Monitoring of realized structures shows significant difference between assumed and measured values of the wall displacements 
and axial forces in geosynthetic reinforcements. This difference is caused by the conservative approach of conventional analytical 
methods and by the high values of the safety factors of geosynthetic reinforcements that undervalue their strength parameters. 
Therefore, deformation properties of the reinforcements and their interaction with soil environment become more important 
because strength parameters are not fully reached. Analysis of quantities, such as wall face displacements, axial forces and strains 
in the reinforcements using analytical methods and numerical modelling, is presented in this paper. 
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1. Introduction 
Use of geosynthetic materials for reinforcing purposes allows us to replace the massive concrete retaining walls 
with reinforced earth structures that have advantages in realisation of the structure on soft soils. Reinforced earth 
structures also withstand the differential settlement very well.  
Design of these structures includes verification of global and internal stability. Global stability check is based on 
the gravity walls theory, with reinforced volume of the soil considered as a rigid block. Several methods of internal 
stability verification, which were calibrated by the monitoring of real structures, were developed. Beside the static 
equilibrium, these methods consider the influence of the reinforcement stiffness on overall structure stiffness, axial 
forces and strains of the reinforcement. 
Despite the improvements of these methods, outputs of the monitoring mention the differences between assumed 
and measured strains and axial forces. Divergences are caused by the limitations of the analytical design methods, 
which verify only static equilibrium without considering deformations.  
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Nomenclature 
AASHTO The American Association of State Highway and Transportation Officials 
FHWA  Federal Highway Administration 
He  effective height of the retaining structure (m)  
J   axial tensile stiffness of the geosynthetic reinforcement (kN/m)  
Ti  axial force in the i-th layer of the reinforcement (kN) 
į  inclination of the resultant of earth pressure (°) 
 
Numerical methods are suitable for complex verification of the structure stability in terms of both limit states and 
for the design of the key elements of the structure. 
Closer look at the recent design approaches indicates that despite the accomplishment of the first limit state, second 
limit state is usually not an object of verification and has a small space in the standards. Second limit state is critical 
for the reinforcement design because of limited strain of the geosynthetic reinforcing elements. Axial force, acting at 
considering strain, does not reach the strength of the strip.        
Presented series of verification of the analytical methods using numerical modelling represents the contribution to 
the safer and more economical design of retaining earth structures reinforced with the geosynthetics.  
2. Methods of internal stability verification 
Internal stability check of the structure involves the verification of all potential failure mechanisms including 
stability of the structure elements, sliding of the upper layer on the inspected surface or internal stability of potential 
wedges of reinforced block of soil. For the purpose of these analyses, several methods were developed. Many of them 
were verified by the in-situ monitoring or physical modelling in large scale and they are included in national design 
standards [4].  
2.1. Tie-back wedge method 
Tie-back wedge method was developed for structures reinforced with the geosynthetic or welded meshes [2, 4]. 
The face of the wall is considered flexible, thus horizontal stresses do not have any influence on the vertical stresses 
in the reinforced soil block. Flexible facing allows the active earth pressure to rise, when resultant of the earth pressure 
acts only horizontally, į = įa = 0°. Vertical load, including self-weight of the fill, surcharge load and overturning 
moments, acts on the structure as a horizontal force. Vertical stress is calculated according to the Meyerhof's theory 
of stress distribution due to the eccentric load. Vertical spacing of the reinforcing elements is then considered in the 
calculation of the axial forces. Additional verification of the potential wedges behind the facing is required. Forces 
acting on each potential wedge are investigated.   
2.2. Coherent gravity method 
Coherent gravity method was originally developed for determining the forces in the steel reinforcing strips [2, 5]. 
Coefficient of earth pressure for both limit states is set for earth pressure in rest at the top of the structure and linearly 
decreases to the value of the active earth pressure 6 m below. Distribution of the earth pressure coefficient was based 
on the monitoring outputs. These structures were reinforced with the inextensible reinforcement (e.g. steel stripes), 
when strains do not reach the values allowing the active earth pressure to develop. 
2.3. Structure stiffness method 
Structure stiffness method is the result of FHWA research. It is based on the series of physical models in several 
scales and the monitoring of real structures. Method is similar to the tie-back wedge method but coefficient of earth 
pressure is determined as a function of depth below the top of the structure and global stiffness of the structure. 
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Overturning moments are not taken into account and vertical stress is considered as a result of acting gravity forces. 
The stiffness of the reinforcing elements has major influence on the overall stiffness of the reinforced soil block [2]. 
2.4. Simplified method 
Simplified method is an attempt to combine different methods allowed by the AASHTO standards into one, using 
appropriate and simple approaches. Goal of the method was to avoid the iterative procedure and to consider different 
types of reinforcing elements. Scheme for variable depth and several types of reinforcement was set to calculate the 
coefficient of earth pressure without consideration of overturning moments [1]. 
3. Models for analysis of internal stability 
To verify the earth pressure distribution in the backfill as a source of reinforcement load, a series of numerical 
models was created. Finite element method (FEM) software Plaxis 2D was used to analyze the internal stability in 
two selected realized retaining structures (cases A and B) that were monitored using inclinometric and geodetic 
measurements. Exact knowledge of construction phases, material properties, imposed loads and foundation conditions 
was required for calibration of the numerical models [6, 8, 10, and 11]. Same input data were used for analytical 
calculations according to the above-mentioned methods for internal stability analysis without involving the partial 
safety factors. The profiles, where retaining structures reach the highest elevation, were chosen for modelling.      
Quantities, such as axial forces and their distribution along the reinforcement, facing displacements and influence 
of the eccentric load, were considered by the numerical modelling. Mohr-Coulomb model (MC) was chosen as a 
material model. For mesh generation a 15-noded elements were used and 2D plane strain model was enabled [3]. 
3.1. Modelled structures 
An embankment of an overpass over railway with retaining wall at one of its slopes was modelled in case A. 
Retaining wall was reinforced with polypropylene geogrids connected to the segmental precast concrete blocks at the 
face of the wall. Foundation of the embankment consisted of two layers of polyester uniaxial geogrids with vertical 
spacing 0.3 m. The foundation of the wall was realized as a reinforced concrete block with dimensions 0.6 x 1.2 m 
(Fig. 1 (a)). Vertical precast geodrains were installed below the base to speed up the consolidation process [7]. 
Second structure was the retaining wall of the parking lot near a warehouse. The facing was created using gabion 
blocks with basic height 1 m connected with geogrids (Fig. 1 (b)). 
 
 
Fig. 1. (a) Scheme of the embankment of the overpass over the railway – case A;               
(b) Scheme of the retaining wall of the parking lot – case B. 
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The gabion wall in case B was founded on the reinforced concrete block with dimensions 1.7 x 1.0 m. This block 
was realized as a bond beam for two rows of micropiles. It was assumed that the toes of both walls were equally 
stabilized, which is a general assumption for the overall wall stability. 
4. Results of modelling 
Horizontal displacements at the back of the facing elements have similar propagation for both presented structures 
(Fig. 2 and 3). Maximum displacements are reached at the level 0.2 to 0.4He what corresponds with the position of 
the earth pressure resultant at 1/3 of structure height. 
 
 
Fig. 2. Horizontal displacements at the back of the facing blocks in the FEM model and maximum axial 
forces in the reinforcement – case A. 
 
Fig. 3. Horizontal displacements at the back of the facing blocks in the FEM model and maximum axial 
forces in the reinforcement – case B. 
Axial forces reached higher values in analytical models, especially in case A, where sloped terrain over the retaining 
wall acts as an eccentric surcharge on each layer of reinforcement. In case B, when eccentricity reaches small values, 
the results of the particular methods are closer to each other. Larger spacing between reinforcement allows the earth 
pressure to develop, thus tie-back wedge method brings the closest results to the numerical modelling. 
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Fig. 4. Axial forces in the reinforcement in the FEM model with line connecting positions with maximum 
value of axial force in the reinforcement – case A. 
 
Fig. 5. Axial forces in the reinforcement in the FEM model with line connecting positions with maximum 
value of axial force in the reinforcement – case B. 
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Figures 4 and 5 show the propagation of the axial forces along the reinforcement in the numerical model for both 
investigated structures. Distribution of axial forces is strongly non-uniform and depends on the stress distribution. In 
case A, the maximum axial force is reached up in the 5th layer where maximum lateral displacements were observed. 
Eccentric surcharge from the sloped terrain over the structure acts as additional load to self-weight load and causes 
the shift of the maximum lateral displacements and maximum axial force above the 1/3 of the structure (Fig. 2). In 
case B, the maximum axial force is located in the first layer. Peak value of the force is reached tight to the back of the 
facing block where stress is concentrated. Beside this peak, another maximum value is located in the 2nd layer, thus at 
level 0.2He where maximum lateral displacements were observed (Fig. 3).  
5. Conclusions 
Performed analyses demonstrate certain differences between the analytical and numerical methods and between 
analytical methods themselves. It can be noted that: 
 • axial forces vary along the reinforcement when line connecting the positions of maximum values of axial 
forces in the reinforcement corresponds rather with the line of maximum tensile stresses for the inextensible 
reinforcement in terms of coherent gravity method, geosynthetic reinforcement cannot be then considered as 
extensible in terms of this method, 
 • Meyerhof's theory of stress distribution is conservative, especially when eccentricity of acting surcharge 
increases,  
 • maximum lateral displacements at the wall face are situated at level 0.2 to 0.4 of their height, thus in area 
where the resultant of the earth pressure acts but surcharge load on the top of the structure shifts these maximum 
values closer to the point of surcharge load.   
Meyerhof's theory was developed following the modelling rigid steel plate on soft ground what does not reflected 
the conditions in the reinforced retaining wall, where is a contact of soil layers with similar stiffness. Deformations of 
these soil layers have influence on the stress development, which is not considered by the analytical methods. 
Conservative approach at vertical stress determination leads to overestimation of axial forces in the reinforcement, 
what is one of the reasons of the differences between project assumptions and monitoring outputs.   
Currently used design methods for reinforced soil structures appear at first glance as sufficient to perform a safe 
and economic design. However, measurements of realized structures show limitations of these methods based on static 
equilibrium of the structure. The stability of the structure is tested separately for 1st and 2nd limit state. Limit state 
becomes static equilibrium, while the assessment in terms of deformation becomes less important. Provided numerical 
modelling confirms that observed deformation of structure is an integral design and integral part of its overall stability. 
For this modelling, advanced software tools using much more known methods or new numerical approaches can be 
utilized [9, 10]. 
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